Microbially mediated reduction and immobilization of U(VI) to U(IV) plays a role in both natural attenuation and accelerated bioremediation of uranium-contaminated sites. To realize bioremediation potential and accurately predict natural attenuation, it is important to first understand the microbial diversity of such sites. In this paper, the distribution of sulfate-reducing bacteria (SRB) in contaminated groundwater associated with a uranium mill tailings disposal site at Shiprock, N.Mex., was investigated. Two culture-independent analyses were employed: sequencing of clone libraries of PCR-amplified dissimilatory sulfite reductase (DSR) gene fragments and phospholipid fatty acid (PLFA) biomarker analysis. A remarkable diversity among the DSR sequences was revealed, including sequences from ␦-Proteobacteria, gram-positive organisms, and the Nitrospira division. PLFA analysis detected at least 52 different mid-chain-branched saturate PLFA and included a high proportion of 10me16:0. Desulfotomaculum and Desulfotomaculum-like sequences were the most dominant DSR genes detected. Those belonging to SRB within ␦-Proteobacteria were mainly recovered from low-uranium (<302 ppb) samples. One Desulfotomaculum-like sequence cluster overwhelmingly dominated high-U (>1,500 ppb) sites. Logistic regression showed a significant influence of uranium concentration over the dominance of this cluster of sequences (P ‫؍‬ 0.0001). This strong association indicates that Desulfotomaculum has remarkable tolerance and adaptation to high levels of uranium and suggests the organism's possible involvement in natural attenuation of uranium. The in situ activity level of Desulfotomaculum in uranium-contaminated environments and its comparison to the activities of other SRB and other functional groups should be an important area for future research.
Microbially mediated reduction of redox-sensitive metals offers the potential to remediate metal-contaminated groundwater in situ. Sulfate-reducing bacteria (SRB) are important members of microbial communities involved in such metal reduction and occur in a variety of environments, including oiland gas-bearing formations, soils, and domestic, industrial, and mining wastewaters (39) . Although traditionally considered obligate anaerobes, observations of sulfate reduction occurring in the aerobic environment reported in the last 15 years have demonstrated a much larger ecological range of the SRB than previously thought (5, 6, 13) . The dissimilatory sulfate-reducing bacteria in particular are environmentally ubiquitous, are found over an extensive range of pH and salt concentrations, and exhibit a superior ability to reduce and accumulate metals (16, 30, 53) . Additionally they can tolerate a variety of heavy metals and dissolved sulfide. Some of these organisms can use U(VI) as a terminal electron acceptor, reducing the toxic and soluble U(VI) to insoluble U(IV), and also generate insoluble uranium sulfides in the presence of H 2 S.
Uranium has no known biological function and is toxic to cells at low concentrations: 20 to 40 times more toxic than copper or nickel (20) . The toxicity of uranium is primarily derived from its chemical properties rather than from its radioactivity (12) . It has been reported that bacteria capable of reducing U(VI) to U(IV) are ubiquitous in nature (1, 2) . The uranium reducers are also primarily sulfate reducers, and their growth can be stimulated by adding nutrients to the groundwater (1) .
It has been well documented that Desulfovibrio species can reduce the soluble oxidized form of uranium, U(VI), to insoluble U(IV) (22, 23) . A recent study demonstrated that a Desulfotomaculum strain isolated from heavy metal-contaminated sediment can grow with U(VI) as the sole electron acceptor (44) . Overall the SRB play an important role in uranium geochemistry and may be a useful tool for removing uranium from contaminated environments by using ex situ treatments and stabilizing uranium in situ. However, little is known about the diversity of these bacteria, both in terms of community structure (the different SRB present in a single environmental community at a specific site) and community composition (the numbers or percentages of different SRB at a particular site). There is also little information available on variations in the SRB community structure and composition in response to changing environmental conditions.
The objective of this research is to establish the diversity of SRB at a heavy metal-contaminated site in relation to geochemical measurements, particularly uranium concentration.
This work is part of a broader effort to study the dominant terminal electron accepting processes and biotransformation occurring in the subsurface at such sites. The Shiprock site was chosen because of its wide range of uranium concentrations in groundwater and a wide range of cocontaminant concentrations, particularly sulfate and nitrate. The site has been subject to uranium contamination since the 1950s, providing a significant length of time for microbial communities to adapt to elevated levels of uranium. Groundwater samples with a range of contaminant concentrations were used as the means of accessing and interpreting the subsurface microbial communities. Two culture-independent analyses were used. (i) The first was a molecular method based on PCR, restriction enzyme digestion, and sequence analysis of dissimilatory sulfite reductase (DSR) gene fragments (17, 29, 49) , which provided detailed information on the major taxonomic groups of sulfate-reducers present in these samples. The presence of Desulfovibrio sp. (␦-Proteobacteria) was also directly assessed by specific PCR targeting the NiFe hydrogenase indicative of this genus (48, 50) . (ii) The second method, signature lipid analysis, was used to quantify viable sulfate/metal reducers by measuring midchain branched saturates and branched monounsaturates in the community phospholipid fatty acids (PLFA) (51, 52) . These techniques taken together and compared to measured groundwater geochemical parameters provide new information on SRB diversity. As similar studies are conducted at other sites, we anticipate insight into community structure and composition that will enable effective in situ bioremediation of uranium-contaminated sites.
MATERIALS AND METHODS
Site description. The U.S. Department of Energy is responsible for uranium mill tailings under the Uranium Mill Tailings Radiation Control Act of 1978. The Shiprock UMTRA site is on Navajo Nation land in San Juan County, N.Mex., located adjacent to and partly within the town of Shiprock, along the south side of the San Juan River on an elevated terrace about 21 m above the river (samples 828 and 826; Fig. 1 ). Bob Lee Wash flows northward on the terrace along the west side of the site and flows down onto the floodplain of the river. This wash would contain flowing water ephemerally, but the lower 200 m of the wash receives a constant discharge of about 230 liters min Ϫ1 from a potable-water artesian well (well 648). This water has created wetlands within Bob Lee Wash and at the mouth of the wash, where it discharges onto the river's floodplain (proximal to wells 608, 610, 615, 617, 624, 626, 853, and 857; Fig. 1 ). Several drainage ditches in the floodplain contain water year-round (7). An uncontaminated control sample was taken from well 648 (Fig. 1) .
The Shiprock disposal cell is on unconsolidated alluvial terrace deposits underlain by Mancos Shale. Groundwater occurs at the contact between the terrace alluvium and the upper portion of the Mancos Shale, where it has been weathered. Uranium contamination occurs in the alluvium and upper Mancos Shale on the terrace and in the floodplain alluvium. The contaminated groundwater in the terrace alluvium and upper Mancos Shale beneath the site and in the floodplain alluvium along the river have exceeded the maximum concentration limits established by the Environmental Protection Agency EPA for nitrate and uranium. The volume of contaminated groundwater is estimated to be 610,000 m 3 (160 million gallons).
Sample collection. Prior to sample collection, all glassware used was washed in a 10% (vol/vol) Micro cleaning solution (VWR Scientific), rinsed 10 times in tap water, and then rinsed 10 times in deionized water. The glassware was then heated at 450°C for 4 h in a muffle furnace prior to use. All groundwater samples were collected in March 1999 with a downhole peristaltic or impeller pump. A minimum of 3 well volumes was purged from the well before sampling. Between sampling events, the pump and associated tubing were decontaminated with a dilute detergent and rinsed with deionized water. Samples (2 to 4 liters each) were filtered through sterile (methanol rinsed) Anodisc filters (Whatman International, Ltd., Maidstone, England), 47 mm diameter, 0.2 m pore size. Filters were stored in muffle-sterilized glass petri dishes, preserved on dry ice, and shipped overnight to the University of Tennessee, Knoxville. The filtration method was designed to ensure that all suspended particles, including both sediment grains (with microorganisms attached) and individual microorganisms, are retained for analysis. A significant proportion of the microbial populations analyzed likely is attached to sediment particles.
Measurement of relevant geochemical properties. Sulfate and sulfide were determined as components of a suite of anions analyzed by ion chromatography (Dionex Model DX-300; AS-4a column, chemical suppression, and conductivity detection) according to McKinley et al. (28) . Samples were quantified against commercial standards that ranged from 0.1 to 100 mg liter
Ϫ1
. Uranium (U(VI)) concentrations were determined with a kinetic phosphorescence analyzer (model KPA-11, Chemchek Instruments, Inc.) according to McKinley et al. (27) . The detection limit was 0.3 g of uranium liter
. Quantitation was against NISTtraceable standards over the standard concentration range of 0.25 g of uranium liter Ϫ1 to 50 g of uranium liter Ϫ1 in 11 steps. Samples were treated only by the addition of a phosphorescent complexant and were run in batch using an autosampler. When necessary, samples were diluted and rerun so that raw results fell within the standard concentration range and yielded acceptable counting statistics. A full suite of standards was run at the beginning and end of each analytical sample set as an internal check on accuracy and precision. Dissolved oxygen (DO) was measured with a flow cell during well purging. Stable (invariant) DO values typically occurred prior to completion of well purging; the minimum observed concentration was taken as the in situ value. The pH was measured by electrode against commercial standards.
Lipid analysis. All solvents used were of GC grade (Fisher Scientific, Pittsburgh, Pa.). Glassware was washed in 10% (vol/vol) micro cleaner solution (VWR Scientific), rinsed 10 times in tap water and 5 times in deionized water, and then heated for 4 h in a muffle furnace at 450°C. Lipids were extracted from filters by the modified procedure of Bligh and Dyer (52). Total lipid fractions were then fractionated into glyco-, neutral, and polar lipids (14) . The phospholipid-containing polar lipid was then subjected to a mild alkaline methanolysis, transesterifying the fatty acids into methyl esters (FAME) and recovered with hexane (14) . The PLFA were separated, quantified, and identified by GC-MS FIG. 1. Map of the UMTRA Shiprock mill tailing site. (37) . Fatty acids were identified by relative retention times, comparison with authentic standards (Matreya, Inc.) and by mass spectra (collected at an electron energy of 70 mV) (38) . Fatty acid nomenclature is in the form of "A:B C," where "A" designates the total number of carbons, "B" designates the number of double bonds, and "C" designates the distance of the closest unsaturation from the aliphatic end of the molecule. The suffixes "c" for cis and "t" for trans refer to geometric isomers. The prefixes "i," "a," and "me" refer to iso and anteiso methyl branching and mid-chain methyl branching, respectively. Cyclopropyl rings are indicated by "cy" (18) .
DNA extraction and PCR from pure cultures and filters. Desulfovibrio desulfuricans (ATCC 29577) was purchased from the American Type Culture Collection. The organisms were grown anaerobically to mid-log phase in MS enrichment medium (pH 7) (http://caddis.esr.pdx.edu/smccw/; for Desulfovibrio desulfuricans, ATCC medium 1250 was used as recommended), and nucleic acids were extracted from cell pellets by a bead-beating procedure (41) . Anodisk filters were broken into shards by hand with solvent-sterilized forceps and placed into 2-ml screw-cap microcentrifuge tubes. DNA was extracted directly from filters by mechanical disruption as described above. PCR amplifications were performed with two sets of primers, one targeting the [NiFe] hydrogenase of Desulfovibrio sp. as described by Wawer et al. (50) . The second employed general SRB-specific primers targeting the DSR gene (dsr1F, 5Ј-ACSCACTGGAAGCACG-3Ј; dsr4R, 5Ј-GTG TAGCAGTTACCGCA-3Ј) described by Wagner et al. (49) . Briefly, thermocycling for DSR consisted of 30 cycles of 94°C for 45 s, 54°C for 30 s, and 68°C for 90s (10 min on final cycle) with 1.25 U of Expand HF polymerase (Boehringer, Indianapolis, Ind.) and 10 pmol each of the primers in a total volume of 25 l to produce a ca. 1.9-kb DNA fragment encoding most of the ␣-and ␤-subunits of the gene (49) . Thermocycling was performed with a "Robocycler" PCR block (Stratagene, La Jolla, Calif.). For the hydrogenase gene, a touchdown PCR from 66°C to 55°C (50) was performed to reduce the formation of spurious byproducts. The primer targets the [NiFe] hydrogenase gene, which encodes an enzyme playing an important role in hydrogen metabolism of SRB (47) and in dissimilatory metal reduction by SRB (24, 25) . This enzyme is present in all Desulfovibrio species (48), with a PCR product length around 450 bp using the primer described above.
Cloning and restriction digestion. PCR products of the DSR gene fragment were gel purified and extracted with a Gene-Clean kit (BIO-101, Vista, Calif.). Purified fragments were cloned using the vector PCR2.1 TOPO and Escherichia coli TOP10FЈ competent cells according to the manufacturer's instructions (Invitrogen, Carlsbad, Calif.). From each of those 11 libraries, 21 to 34 white colonies were randomly selected and the cloned inserts were reamplified with the vector primers M13 reverse and T7 (30 cycles of 94°C for30 s, 55°C for 30 s, and 72°C for 90 s). A portion (5 l) of the resulting amplification product was digested at 37°C with the restriction endonuclease MspI according to the manufacturer's instructions (Boehringer) and analyzed by separation of fragments on a 2% agarose TAE gel.
Sequence analysis. Representative plasmids from each digestion pattern were selected for sequencing. Clones with MspI digestion patterns that appeared more than once were sequenced from both the 3Ј and 5Ј ends of each insert with vector primers M13 reverse/T7, while those with unique MspI digestion patterns were sequenced with the DSR1F primer to obtain a partial ␣-subunit sequence of the gene. The M13 reverse/T7 amplification product was gel purified, extracted with a Gene Clean kit (BIO-101), and subjected to sequencing on an Applied Biosystems automated sequencer (model 310) with Prism Big-Dye terminators. The sequences were assembled and aligned by using D. G. Gilbert's SeqPup sequence alignment editor, version 0.6 (available from the author at ftp.bio.indiana.edu). Sequence identification was performed by use of the BLASTN facility of the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/ BLAST/). Phylogenetic trees were constructed by the neighbor-joining method, with the ARB software environment (42) . Cloned sequences were screened for possible chimeric origin by independent neighbor-joining analysis of the 5Ј and 3Ј halves of sequences within an alignment of all published DSR sequences, including DSR sequences from pure cultures generated in this study. Sequences from pure cultures were derived from direct analysis of amplification products from genomic DNA templates.
Statistical analysis. Pearson r linear correlations between geochemical variables were performed using the basic stats module of Statistica, version 5.1 for Windows (Statsoft, Inc., Tulsa, Okla.). Logistic regression was used to test whether concentrations of environmental chemicals could explain occurrence frequencies for specific clades of DSR sequences, where sufficient samples for statistical analysis were detected (SAS Institute, version 8.1, Cary, N.C.).
Nucleotide sequence accession number. Partial cloned DSR sequences recovered from Shiprock groundwater samples were submitted to GenBank under accession no. AY015500 to AY015569 (␣-subunits) and AY015582 to AY015615 (␤-subunits). Partial DSR sequences recovered from cultured reference strains were submitted as AY015493 to AY015495 and AY015496 to AY015499 for the ␣-subunits and AY015577 to AY015581 for the ␤-subunits.
RESULTS
Physical and chemical characteristics of UMTRA groundwater wells. Samples collected on the terrace (wells 828 and 826) were collected from the top 3.0 m of the water table, averaging a minimal depth of 4.9 m below the ground surface. Samples collected on the floodplain (wells 608, 610, 615, 617, 624, 626, 853, and 857) were taken from the top 1.3 m of the water table, averaging a minimal depth of 2.1 m below the ground surface. The pH measured at all groundwater sites was nearly neutral and ranged from 6.53 to 7.12, except that for the control well 648, which was slightly alkaline (pH 7.8 to 8.0). (See Fig. 1 for well locations and Table 1 for geochemical data.) Well 648 is an artesian well with the water produced from the Morrison Formation (Jurassic age) through perforated casing from a depth of approximately 450 to 540 m. Well 648 was also warmer (30°C) than other wells (from 8.4°C to 15.5°C), due to its source depth.
The highest uranium concentration (2,848 ppb) was in well 826, and the highest sulfate concentration (13,539 mg liter Ϫ1 ) (10, 11) and Desulfobulbus (32), respectively. These biomarkers were determined for a small subset of isolates and may not be present in, or exclusive to, all members of the groups they are reported to represent. Within the genus Desulfotomaculum, fatty acid composition was only determined for strains of D. acetoxidans, D. orientis, D. ruminis, and D. nigrificans (19, 31) . Unclassified components were predominant in all four of the species mentioned above, except for D. acetoxidans; other major fatty acids were i17:0, i15:0, 10me16:0, and i17:17, etc. (19, 31) .
The highest biomass detected in groundwater samples was from well 828 (14.00 pmol ml Ϫ1 ), and the lowest was from well 648 (0.02 pmol ml Ϫ1 ) ( Fig. 2A) . In order to determine bacterial biomass, PLFA generally taken to be indicative of eukaryotes (normal saturates over 18 carbons in length, polynoics) and the trace quantities of PLFA of unknown structure were excluded. PLFA analysis showed that all samples contained biomarkers for SRB and metal-reducing bacteria (specifically 10me16:0). Of these, 10me16:0 comprised Ͼ10% of thePLFA of the SRB and metal-reducing bacteria. Well 853 has the highest proportion of i17:17c PLFA (16.77%) compared with the other wells (3.53 to 8.00% of SRB and metalreducing bacterial PLFA) (Fig. 2B) .
Based on PLFA analysis, these samples most likely contain Clone library characterization. A clone library of DSR PCR products from each sample well was used to explore the diversity of DSR genes of the bacteria from this contaminated groundwater. A total of 305 clones were assembled into 70 clone families based on MspI restriction fragment banding patterns (Fig. 3) . Some samples yielded as many as 11 different types of digestion patterns (e.g., well 610), while others were less diverse and produced 3 different restriction patterns (e.g., wells 857 and 608). Identical sequences were recognized between different samples mostly from floodplain wells 610, 615, 608, 624, 626, and 617.
Phylogenetic analysis of Shiprock DSR genes. The ␣-subunits of recovered DSR gene fragments and of a variety of cultured Desulfotomaculum strains were sequenced. On average, 500 nucleotides were determined. For the groundwater clones, the sequence of representatives for each library and restriction pattern (total, 70 clones) was determined. Potential chimeric artifacts (one artifact) and non-DSR sequences (five sequences) were recognized in some of the clone library and were excluded from further analysis. In order to obtain an accurate description of the phylogenetic relationships of the SRB population in these groundwaters, we included in our analysis most environmental DSR clone sequences available from the database, as well as the newly characterized sequences of pure SRB reference cultures. Neighbor-joining analysis revealed the presence of eight well-resolved lineages of DSR sequences, designated clusters A to H (Fig. 4) . Clusters F and G were further subdivided into 5 and 11 subclusters, respectively, most of which are well separated by similarity values between 70 and 85% (Fig. 4) . Within subclusters, the similarity values were greater than 90%. The Desulfotomaculum pure culture sequences showed a division of the available organisms into two clusters, with group 1 containing D.
thermocistern, D. luciae, and D. acetoxydans (in cluster E) and group 2 containing D. aeronauticum, D. putei, D. nigrificans, and D. ruminis (in cluster G-9).
Cluster A. Cluster A contained all available DSR ␣-subunit sequences from cultured Desulfovibrio (␦-subclass of the class Proteobacteria) strains and one clone recovered from well 853, in which both uranium contamination and and the sulfate concentration were relatively low.
Cluster B. The cluster B sequence also contained sequences derived from ␦-subclass Proteobacteria, Desulfobacter latus, Desulfonema limicola, Desulfococcus multivorans, and Desulfobotulus sapovorans. A single clone recovered from well 626 grouped with these strains. This site was a low-uranium sample, in which sulfate was measured at 2,831 mg liter Ϫ1 . Cluster C. Cluster C contains no cultured representatives. It is comprised of three unique sequences, from high-uranium to medium-uranium samples from wells 624 and 828. They are closely related to an environmental DSR clone (accession no. AF179329) (29) generated from a microbial mat at Solar Lake and are peripherally related to the genus Desulfobulbus.
FIG. 3. Restriction digestion analysis of DSR clones with
MspI. Cloned DSR gene fragments were amplified from the cloning vector by using primers directed at the T7 and M13 reverse RNA polymerase binding sites, producing a fragment with approximately 70 bp of vector sequence on each end. The vector sequence contained no MspI recognition sites. Products were digested with a twofold excess of MspI for 1 h at 37°C, analyzed by electrophoresis on a 2% agarose gel with TAE buffer, and visualized by ethidium bromide fluorescence.
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Cluster D. Cluster D contains the DSR ␣-subunit sequence of Desulfobulbus rhabdoformis, a ␦-proteobacterium. Eight clones, all from low-uranium samples, fell into this group.
Cluster E. Cluster E contained the three cultured strains, D. thermocistern, D. luciae, and D. acetoxydans, referred to here as Desulfotomaculum group 1. Three clone sequences fell into this group; all had been recovered from well 648. Another two clones, generated from well 624 are loosely associated with this group. Although this group does not appear monophyletic, based on DSR ␣-subunit sequencing, phylogenetic analysis of the DSR ␤-subunits encoded in these clones showed that they branch together (Fig. 5A) .
Cluster F. Cluster F contains no DSR ␣-subunit sequences from cultured organisms. This was the second most abundant group of clone sequences recovered (17 in total). Ten of them were recovered from high-uranium samples, 4 of them are from low-uranium well 626, and 3 are from well 828 (medium uranium). Although not closely related to any available pure culture sequences, this cluster showed close relationship with two DSR clones recovered from the Solar Lake microbial mat (DSR clone 917 and 920, accession no. AF179334 and AF179339) (29) . Each subcluster contains three to five distinct sequences, except subcluster F4, which contained only closely related sequences.
Cluster G. Cluster G includes the Desulfotomaculum strains designated as group 2. This is the largest single cluster of cloned sequences, all but one of which was associated basally with Desulfotomaculum group 2. Among 31 clones in this cluster, 25 originated from high-uranium samples. The remaining six clones were recovered from medium-to low-uranium wells, including the single sequence within Desulfotomaculum group 2 (well 853). The remaining four sequences were recovered from well 626. The phylogenetic depths of the individual subclusters are different: subclusters G1, G2, G3, G4, G6, and G7 contain clones sharing 95 to 100% sequence similarity, and subclusters G9 and G11 contain sequences that are more deeply diverged. Subclusters G5, G8, and G10 are represented by single clones.
Cluster H. Cluster H is defined by four clone sequences, all generated from high-uranium samples, and shows a relationship to Thermodesulfovibrio yellowstonii, in the Nitrospira group.
Population structure in relation to uranium concentration. Of the sequenced clones, 40% grouped with lineage G, which includes the gram-positive, thermophilic Desulfotomaculum species D. nigrificans, D. putei, D. aeronauticum, and D. ruminis. Sequences recovered from high-uranium (Ͼ1,500 ppb) samples were dominated by this lineage, although cluster F and the less frequently recovered cluster H were also detected. DSR ␣-subunit sequences recovered from low-uranium (Յ302 ppb) samples were more diverse, including representatives of clusters A, B, D, E, F, and G (Fig. 6A) . Figure 6B shows the distribution of different DSR sequences detected among different sample wells. Cluster D, belonging to the ␦-Proteobacteria, was recovered exclusively from low-uranium (Յ302 ppb) samples. Together with sequences closely related to Desulfotomaculum group 1, they constitute the recovered SRB community of well 648, which had the lowest uranium concentration. Notably, sequences related to ␦-Proteobacteria and Desulfotomaculum group 1 were not recovered from high-uranium samples. Lineage G dominated in all high-uranium samples. Cluster H, related to Thermodesulfovibrio yellowstonii, was recovered from samples 615, 608, 610, and 624, in which the uranium concentration is relatively high (1,205 to 2,458 ppb of uranium).
Logistic regression suggested a significant association between sequence cluster G and uranium concentration (slope ϭ 0.00111, P ϭ 0.0005; Table 2 ). With only 11 samples, many combinations of chemical concentrations were not observed, creating difficulty in separating the influences of the various chemical constituents. With that caution, however, important relationships between chemical concentrations were found in cluster F, but not for cluster G, although the overall model was significant (P ϭ 0.0007, full model). DO had the largest effect, as measured by the slope. A model with only uranium showed that as uranium increased from 0 to 3,000 ppb, clade G frequencies were predicted to increase from 18.5% to 90% (Table  2) .
DISCUSSION
Genetic diversity and metabolic activity. Until now, the abundance and diversity of SRB have been analyzed mostly through cultivation techniques and through hybridizations with rRNA-targeted oligonucleotide probes (8, 9, 15, 21, 26, (34) (35) (36) . 16S ribosomal DNA (rDNA) sequences are currently popular as a useful criterion for the definition of taxa at several levels. However, 16S rRNA sequences by themselves provide no information about potential physiological differences between closely related bacteria. Here we present a field-scale study using an alternative PCR-based approach, targeting the dissimilatory sulfite reductase gene along with the [NiFe] hydrogenase gene. Although it is well established that PCR-based methods in microbial ecology have intrinsic biases (33, 43) , these biases can be assumed to be equal for each of the groundwater samples described here. Furthermore, as a com -FIG. 4 . Neighbor-joining analysis of DSR ␣-subunit fragments selected from clone libraries as frequently occurring MspI digestion patterns. Sequences prefixed "UMTRAdsr" were generated during this study. The prefix is followed by the sample well number, which is followed by the clone number. Clones were selected from libraries on the basis of MspI patterns to provide a preliminary survey of the most commonly recovered DSR gene sequences from each sample. Nucleotide sequence accession numbers are given in parentheses for the following organisms: Desulfobulbus rhabdoformis (AJ250473), Desulfovibrio desulfuricans (AJ289157), Desulfococcus multivorans (AJ277107), Desulfotomaculum thermocisternum (F074396), Archaeoglobus profundus (AF071499), Thermodesulfovibrio yellowstonii (U58122), Desulfobotulus sapovorans (U58120), Desulfovibrio sp. strain P1B2 (U58116), Desulfotomaculum ruminis (U58118), Desulfococcus multivorans (U58126), Desulfonema limicola (U58128), Desulfobacter latus (U58124), Desulfovibrio vulgaris (U16723), Archaeoglobus fulgidus (M95624), and Desulfovibrio simplex (U78738). Gene sequences from Desulfotomaculum luciae, D. acetoxidans, D. putei, D. aeronauticum, D. nigrificans, and Desulfovibrio desulfuricans were generated in this study under accession no. AY015493 to AY015499. The numbers on the tree refer to bootstrap values on 100 replicates; only values above 30 are given. Scale bar represents 10% estimated change. plement to this molecular diversity study, analysis of PLFA biomarkers for SRB groups provides quantitative confirmation of the presence of viable SRB.
Based on near full-length 16S rDNA sequence analysis, Desulfotomaculum spp. form a distinct cluster of related sequences (Fig. 5B) . Comparison of partial ␣-and ␤-subunit DSR gene sequences revealed a greater genetic diversity, as expected, but suggested a similar grouping of Desulfotomaculum strains (Fig. 4 and 5A): i.e., a division of the Desulfotomaculum genus into at least two clusters, which we have designated as groups 1 and 2. This is consistent with recent findings about SRB taxonomy described by Stackebrandt et al. (40) and Hristova et al. (15) .
MspI restriction enzyme digestion analysis revealed substantial diversity of the DSR gene sequence. A total of 70 DSR sequences (61 of them unique) were identified, and all were affiliated with the bacterial domain. Comparison of phylogenetic trees constructed with different portions of the DSR genes revealed, in general, consistent topologies for both ␣-and ␤-subunits of DSR, although slight variance was observed (Fig. 4 and 5A) . Eight well-resolved lineages of DSR sequences are represented by the cloned sequences (A to H, Fig.  4 ). Some sequence differences within the subclusters (Fig. 4) involved only several base changes. It is entirely possible that this microheterogeneity may reflect PCR point errors. The finding of the same partial DSR sequences in different gene libraries suggests that most of the differences are real. The Since DNA recovered from environmental samples may be derived in part from dead or inactive cells, the recovery of DSR sequences alone does not provide direct evidence for an active sulfate-respiring population. However, a significant amount of lipids known to be markers for sulfate or metal reducers were found in 10 samples (all except background well 648) tested, which supported the presence of a viable SRB microbiota in this groundwater environment. An unusually high number of distinct mid-chain branched saturates (more than 50, constituting 7 to 25% of total bacteria biomass) suggested a diverse SRB community as well as a high relative abundance within the domain Bacteria.
Dominance of Desulfotomaculum and Desulfotomaculum-like sequences. As dissimilatory SRB, the genus Desulfotomaculum and Desulfovibrio spp. were reported to exhibit a superior ability, over assimilatory organisms, to extract large amounts of metals from culture media (16) . Tolerance and adaptation to heavy metals by Desulfovibrio and Desulfotomaculum strains of different origins have been investigated in enrichment cultures under a range of sulfate concentrations (4).This study revealed an overwhelming dominance of Desulfotomaculum and Desulfotomaculum-like sequences, particularly in those wells with high uranium (Ͼ 1,500 ppb) concentration. As many as 50 different DSR sequences associated with the genus Desulfotomaculum were recovered. The majority of them form subclusters representing sequences basal to the established Desulfotomaculum genus and are, as yet, to be characterized.
Previous work indicates that the abundance of Desulfotomaculum spp. in various environments is probably related to sulfate availability and exposure to adverse environmental conditions, such as regular exposure to oxygen (53) . This study suggests that at the Shiprock site, uranium contamination is another factor influencing the Desulfotomaculum population. To test this hypothesis, we used logistic regression, a statistical technique that is widely used in medical research, but is rarely used in microbial ecology (3, 45) . It is a variation of ordinary regression, useful when the observed outcome variable represents the occurrence or nonoccurrence of some outcome event (such as the occurrence or nonoccurrence of sequence cluster G or F). It produces a formula that predicts the probability of the occurrence as a function of the independent variables (such as uranium concentration, DO, and sulfate and nitrate concentration). Logistic regression predicted an increase in the frequency of the presence of cluster G from 18.5% to 90% as the uranium concentration increased from 0 to 3,000 ppb, clearly suggesting that this genus holds a selective advantage over other SRB populations at high U(VI) concentrations. The present work is the first report of Desulfotomaculum dominance among SRB in a mesophilic natural environment setting. Desulfotomaculum strains isolated from thermophilic environments have been reported more often than those from mesophilic environments; however, this frequency may be attributable to intensified research of extreme environments rather than to a preference of most Desulfotomaculum spp. for thermophilic conditions. While the correlation of Desulfotomaculum with uranium concentration is clear, we cannot entirely rule out the possibility of another factor related to uranium contamination. However, a full suite of groundwater geochemical parameters, including total organic carbon, were analyzed and included in a preliminary statistical analysis, and no parameters other than uranium and sulfate showed a strong correlation. Since sulfate is present in concentrations ranging from 2 to 3 orders of magnitude greater than that of uranium, sulfate clearly plays the dominant role in Desulfotomaculum metabolism. However, the more significant statistical linkage between Desulfotomaculum and uranium concentration suggests a competitive advantage for Desulfotomaculum conferred by the presence of uranium. This competitive advantage may result from uranium tolerance or from the ability of Desulfotomaculum to use U(VI) as a terminal electron acceptor or both.
Conclusions. This study demonstrates a remarkable diversity of DSR sequences associated with bacteria from the ␦-Proteobacteria, gram-positive, and Nitrospira divisions. Since strains with different functional genomic fingerprints also differ considerably in their physiological capabilities, this result suggests strongly that the high diversity detected at the Shiprock site is very likely of ecological significance. These data also showed that the genus Desulfotomaculum and Desulfotomaculum-like organisms dominated the SRB population of this uranium-contaminated environment. The overall level of SRB activity relative to those of other functional metabolic groups and the specific role that Desulfotomaculum may play in uranium reduction are not addressed by this study, nor is the role of sulfate. However, the strong association between DSR cluster G and uranium concentration indicates that Desulfotomaculum has remarkable tolerance and adaptation to high levels of uranium. In addition to confirming the results of this study at other sites, future research might well focus on the in situ activity level of Desulfotomaculum relative to uranium concentration and relative to those of other SRB and other functional groups. Desulfotomaculum apparently could play a role in both intrinsic and accelerated bioremediation of U(VI)-contaminated environments. For accelerated bioremediation of U(VI), it may be important to either suppress Desulfotomaculum to avoid production of toxic H 2 S and allow iron reducers to reduce U(VI) or to stimulate Desulfotomaculum to intentionally produce insoluble sulfide minerals such as FeS 2 to stabilize U(IV) precipitates. Either case will require advances in understanding of SRB in uranium-contaminated environments.
